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Highlights: 
 Combined exposure to nitrate and pH reduced aerobic scope. 
 Nitrate alone accounted for a 59 % reduction in maximum oxygen uptake. 
 Exposure to low pH reduced survival and high nitrate concentrations reduced chelae 
strength and righting responses.  
 
Abstract 
 
Multiple environmental stressors, including nutrient effluents (i.e. nitrates [ NO3
−]) and altered pH 
regimes, influence the persistence of freshwater species in anthropogenically disturbed habitats. 
Independently, nitrate and low pH affect energy allocation by increasing maintenance costs and 
disrupting oxygen uptake, which ultimately results in impacts upon whole animal performance. 
However, the interaction between these two stressors has not been characterised. To address this, 
the effects of nitrate and pH and their interaction on aerobic scope and physiological performance 
were investigated in the blueclaw crayfish, Cherax destructor. Crayfish were exposed to a 2 × 3 
factorial combination, with two pH levels (pH 5.0 and 7.0) and three nitrate concentrations (0, 50 
and 100 mg L-1 NO3
−). Crayfish were exposed to experimental conditions for 65 days and growth 
and survival were monitored. Aerobic scope (i.e. maximal – standard oxygen uptake) was measured 
at six time points (1, 3, 5, 7, 14, and 21 days) during exposure to experimental treatments. Crayfish 
performance was assessed after 28 days, by measuring chelae strength and whole animal activity 
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capacity via the righting response. Survival was reduced in crayfish exposed to pH 5.0, but there 
was no exacerbation of this effect by exposure to high nitrate levels. Aerobic scope was 
compromised by the interaction between low pH and nitrate and resulted in prolonged elevations of 
standard oxygen uptake rates. Exposure to nitrate alone affected aerobic scope, causing a 59 % 
reduction in maximum oxygen uptake. Reduced aerobic capacity translated to reduced chelae 
strength and righting capacity. Together, these data show that low pH and elevated nitrate levels 
reduce aerobic scope and translate to poorer performance in C. destructor, which may have the 
potential to affect organismal fitness in disturbed habitats.  
Key words: nitrogen pollution, metabolic rate, aerobic capacity, acclimation, environmental 
change, multiple stressors. 
 
 
1. Introduction 
 Nutrient effluents into freshwater systems are recognised as a leading cause of freshwater 
species declines world-wide (Jenkins, 2003). Among major nutrients (i.e. nitrogenous and 
phosphorous compounds), nitrate is often discharged at high levels from anthropogenic sources, 
including urban and agriculture inputs, and accumulates in freshwater (reviewed by Camargo and 
Alonso, 2006; Camargo et al., 2005). Nitrate levels typically range from 5 to > 100 mg L-1 in 
surface and groundwater (Bogardi et al., 1991), but can reach levels as high as 500 – 1000 mg L-1 in 
anthropogenically disturbed habitats (reviewed in Galloway et al., 2004; Vitousek et al., 1997). 
Although nitrate is often considered nontoxic, compared to ammonia and nitrite, it is the most 
abundant form of inorganic nitrogen in freshwater, and prolonged exposure to elevated 
concentrations are expected to pose widespread implications for aquatic life (Camargo and Alonso, 
2006). 
Aquatic pollutants can disrupt energy homeostasis and physiological performance via 
reductions in aerobic scope (i.e. Energy-Limited Stress Tolerance concept; Sokolova et al., 2012). 
Aerobic scope, defined simply as the difference between maximum and standard metabolic rates 
(MMR and SMR, respectively), provides a measure for the amount of energy above baseline that 
can be distributed to fitness related activities (Fry, 1947; Hochachka, 1990). A reduced aerobic 
scope can negatively affect organismal fitness due to physiological trade-offs, whereby energy is 
diverted from processes such as growth, locomotion and reproduction, and directed towards 
maintenance (Claireaux and Lefrançois, 2007). For nitrate, high concentrations are toxic and can 
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strongly affect energy distribution (Camargo and Alonso, 2006; Romano and Zeng, 2013).  Nitrate 
enters the body via diffusion through the branchial epithelium of fish and crustaceans (Cheng et al., 
2002; Jensen, 1996; Stormer et al., 1996). Once inside the body, nitrate impacts on whole animal 
performance by reducing growth rates (Schram et al., 2014; Stelzer and Joachim, 2010), and 
activity levels (Alonzo and Camargo, 2013; Egea-Serrano and Tejedo, 2014), altering development 
(Mallasen et al., 2004), and lowering survival (Meade and Watts, 1995; Soucek and Dickinson, 
2012). Reductions in performance are hypothesised to stem from a reduced oxygen carrying 
capacity. Nitrate is considered to have a similar toxic action to nitrite (Camargo et al., 2005), 
because nitrate can be reduced in vivo to nitrite (Hannas et al., 2010; Scott and Crunkilton, 2000). 
The in vivo reduction of nitrate to nitrite can lead to the conversion of the oxygen carrying pigment 
(either haemocyanin or haemoglobin) to forms which are unable to bind to oxygen (Jensen, 1996) 
thereby affecting oxygen carrying capacity. For instance, aquatic exposure to nitrate reduced the 
amount of oxyhaemocyanin and haemolymph protein in the blood of tiger prawns Marsupenaeus 
japonicas (Cheng and Chen, 2002), which is expected to reduce oxygen transport. Similarly, nitrate 
exposure in fish increased methaemoglobin and reduced haemoglobin concentrations (Grabda et al., 
1974; Monsees et al., 2017). Nitrate-induced reductions in blood oxygen carrying capacity are 
expected to limit oxygen uptake (ṀO2) and thereby reduce aerobic scope, however, the metabolic 
costs of nitrate and effects on subsequent performance remain undetermined.  
In freshwater ecosystems, organisms rarely encounter stressors in isolation and the toxicity 
of a pollutant can be enhanced by the presence of a second stressor (Ormerod et al., 2010; 
Sokolova, 2013). For example, the toxicity of metals (Cu, Cd and Zn) was enhanced three-fold by 
elevated temperatures, raising energetic costs and reducing lethal concentrations (LC50) in crayfish 
Orconectes immunis (Khan et al., 2006). The combined effects of co-occurring stressors can be 
complex and multiple stressors in combination can have a greater (synergistic), lesser (antagonistic) 
or no effect (i.e. no change-protective) relative to the stressors in isolation (Ormerod et al., 2010). 
Given the potential for nitrate to disrupt energy homeostasis, it is important to consider how 
organisms respond when presented with additional environmental stressors.  
Low aquatic pH is one stressor that may enhance nitrate toxicity. Lowered pH and elevated 
nitrate concentrations have been temporally (e.g. increase after rainfall) and spatially (e.g. run-off 
into creeks and rivers) linked occurring as a consequence of increased pollution and agricultural 
run-off (Camargo and Alonso, 2006) and their interaction can pose significant physiological 
challenges to aquatically respiring organisms. For instance, Hatch and Blaustein (2000) showed that 
simultaneous exposure to nitrate and pH 5.0 reduced survival and activity levels in cascade frog 
(Rana cascadae) larvae, suggesting that pH enhances the negative effects of nitrate on organismal 
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performance. Low pH (< pH 5.0) alone is toxic for many gilled organisms and presents a number of 
physiological challenges (Henry and Wheatly, 1992). The main action of low pH is the loss of 
electrolytes, particularly Na+ and Cl-, from the body to the external environment (Wood and 
Rogano, 1986; Zanotto and Wheatly, 1993). A loss of electrolytes is accompanied by significant 
metabolic costs to due to increased ion-regulatory demands (e.g. increased active sodium uptake; 
Zanotto and Wheatly, 1993) that can result in reduced growth and activity (Chen and Chen, 2003; 
Henry and Wheatly, 1992). Since exposure to low pH is energetically costly, this creates a 
physiological basis for a synergistic interaction between nitrate and pH stress on aerobic scope and 
organismal fitness.  
This study aimed to investigate the interactive effects of low pH and elevated nitrate 
concentrations on aerobic scope and performance in the crustacean, the blueclaw crayfish, Cherax 
destructor. Cherax destructor inhabits freshwater areas of inland south-eastern Australia, including 
the Murray-Darling Basin, which experience high levels of anthropogenic disturbance. In Australia, 
nitrate from agriculture and urban inputs into freshwater have increased drastically in the past two 
decades (Hamer et al., 2004), and disruptions to the water quality in this system is listed as a key 
threatening process for many aquatic organisms (Davis and Koop, 2006; Thorburn et al., 2003). 
Nitrate concentrations ranging between 20 – 200 mg L-1 are often recorded along Australia’s east 
coast which coincide with the natural range of C. destructor (Bolger and Stevens, 1999). Aquatic 
pH is variable (i.e. pH range 2.0 – 8.0; Balcombe et al., 2011) in Australian river systems due to the 
presence of acid sulphate soils, and may limit the performance and survival of C. destructor. In 
isolation, both low pH and elevated nitrate concentrations have been documented to affect 
metabolism, decrease growth, and compromise performance (Chen and Chen, 2003; de Campos et 
al., 2014; Henry and Wheatly, 1992; Stelzer and Joachim, 2010). Therefore, simultaneous exposure 
to low pH and elevated nitrate are hypothesised to additively or synergistically reduce aerobic scope 
by increasing maintenance costs and reducing maximum oxygen uptake; which will have negative 
downstream effects on fitness-related traits, including growth performance and activity levels. Two 
sublethal pH (pH 5.0 and pH 7.0) levels and three sublethal nitrate concentrations (0, 50 and 100 
mg L-1) were used to investigate the interaction between nitrate and pH on oxygen uptake rates at 
six time points during exposure to experimental treatments. Effects on performance (chelae strength 
and righting response) were measured after 28 days and survival was monitored over a 65-day 
period.  
2. Methods 
2.1. Animal Maintenance and Experimental Design 
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Juvenile blueclaw crayfish (C. destructor, wet body mass 2 – 10 g), were sourced from a 
commercial hatchery (Narrabri Fish Farm, Narrabri, NSW; rearing pH 7 – 8) and transported to The 
University of Queensland. Crayfish were distributed randomly between 24 tanks (L × W × H, 26.5 
× 16.5 × 17) at a density of 8 – 9 individuals per tank. Tanks were filled with 5-L of carbon-filtered 
water (pH 7.0) and kept in a temperature-controlled room (~23 ± 1oC) under a 12 h light: 12 h dark 
light cycle. Crayfish were fed with 1 – 2 cm sinking pellets (BluePlant crayfish food, Masterpet, 
Smeaton Grange, NSW, Australia) every second day to apparent satiety. Satiation was determined 
as the point when feeding ceased. Excess food was siphoned out after an hour to prevent water 
fouling. Crayfish were maintained under laboratory conditions for one week prior to 
experimentation. After a week, tanks were assigned to one of six treatment groups following a 2 × 3 
factorial design, with two nominal pH levels (5.0 or 7.0) and three nitrate concentrations (0, 50 or 
100 mg L-1 NO3
−). Measured levels of nitrate and pH are shown in Table 1. Each factorial 
combination was replicated four times at the tank level. Nominal concentrations of nitrate were 
prepared using reagent-grade sodium nitrate (ThermoFisher Scientific, Scoresby, Australia) and 
measured spectrophotometrically as described by Edwards et al. (2006). Experimental pH was 
adjusted by adding dilute (10 %) sulphuric acid and monitored using a hand-held digital pH meter 
(LAQUA Compact pH meter, Horiba Scientific). Treatment pH and nitrate levels were monitored 
daily, along with water quality parameters (ammonia and nitrite; Aquarium Pharmaceuticals Inc. 
[Chalfont, PA]) and are presented in Table 1. Complete water changes were made on alternate days 
to maintain experimental conditions. Crayfish were weighed (wet body mass, g) and tank mass 
averages calculated at the start of the experiment and after 65 days of exposure to experimental 
conditions in order to calculate specific growth rates (SGR [% d-1] = 100 × (ln(final mass) – 
ln(initial mass)/65)). The carapace of the crayfish was marked using a non-toxic permanent marker 
to track individuals. Crayfish were checked daily and any deaths were recorded. To prevent the 
metabolic effects of moulting and digestion on the rate of oxygen uptake (ṀO2), all experiments 
were performed during the intermoult period after two days of fasting.  
2.2. Oxygen Uptake 
Oxygen uptake was measured using standard closed system respirometry (Kern et al., 2014). Plastic 
respirometers (300 mL) were fitted with oxygen-sensitive fluorescent sensor spots (PreSens, 
Rogensburg, Germany) on the inside of the respirometer. Fluorescence was captured and recorded 
using a fibre-optic cable connected to a Fibox 4 oxygen meter (PreSens). ṀO2 (ml h-1) was 
calculated as the slope of the decline in oxygen saturation calculated as: 
ṀO2 (ml h
−1) =  −1 ×  [
(ma−mc)
100
] ×  V ×  βO2 (1) 
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where ma is the rate of change of oxygen saturation of a respirometer containing a crayfish (% air 
saturation per hour), mc is the background respiration rate measured as the rate change of oxygen 
saturation of an empty respirometer containing only water (% air saturation per hour), V is the 
volume of the respirometer minus the volume of the animal (assuming 1 g displaces 1 ml of water) 
and βO2 is the oxygen capacitance (solubility) at the appropriate water temperature (Cameron, 
1986). An integrated temperature probe attached to the Fibox oxygen meter was used to monitor 
and compensate for temperature effects on aquatic oxygen solubility during oxygen measurements.  
Temperature remained at 23 ± 0.5oC during all trials.  
Oxygen uptake was determined for six crayfish per treatment at six time points (1, 3, 5, 7, 14, 21 
days of exposure). Animals were left undisturbed for 1 h before measurements of standard oxygen 
uptake (ṀO2STANDARD) began. The respirometer was sealed and the decline in air saturation was 
measured at forty-minute intervals for the subsequent 3 – 4 h. The interval that resulted in the 
lowest ṀO2 was taken as ṀO2STANDARD. Crayfish usually remained still throughout trials. 
Background respiration rates were measured after ṀO2STANDARD determinations for ~ 3 h and were 
< 5 % of animal respiration rates. After measurement of ṀO2STANDARD, crayfish were placed in a 
circular tank (diameter = 30 cm) filled with 5 cm of water (~ 1 L) at the pH and nitrate 
concentrations for each treatment. A series of burst escape responses (tail-flicks) were induced by 
touching the chelae of the crayfish with a blunt probe. Once the crayfish were unable to perform an 
escape response, they were immediately returned to the respirometer and maximum oxygen uptake 
(ṀO2MAX) measured. Oxygen uptake was measured every minute for at least 10 min and the 
greatest (usually the first 1 – 4 min) decline in oxygen used to calculate ṀO2MAX. Absolute aerobic 
scope (AAS = ṀO2MAX − ṀO2STANDARD) and factorial aerobic scope (FAS = ṀO2MAX/ 
ṀO2STANDARD) were calculated. 
2.3. Chelae force measurements 
Chelae force measurements were made on animals after 28 days of exposure to experimental 
treatments. Chelae force measurements were recorded using a custom built sensor, which consisted 
of two steel plates attached to a 5 mm piece of acrylic (Seebacher and Wilson (2006). The force 
sensor was connected to a custom-made Wheatstone bridge, which was attached to a BioAmp 
connected to a Powerlab and visualised using LabChart software (ADInstruments). When presented 
with the measuring sensor, crayfish readily close their chelae on the sensor and the force produced 
by the closing of the chelae was measured. All crayfish had both chelae (left and right) tested on the 
same day and the order of chelae testing was randomised. Crayfish were allowed at least one hour 
in between testing events to ensure that animals had time to recover their strength capabilities 
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before re-testing. At least three force measurements were taken per individual, and the maximum 
force (in N) recorded. Muscle fatigue caused by repeated clamping on the force sensor was 
measured as described by Lowe et al. (2010). Briefly, crayfish were allowed to repeatedly clamp 
down on the force sensor for 5 min. The rate of muscle fatigue was defined as the rate of decrease 
in chelae force (N s-1) over the 5 min test period. Recovery of maximum force (%) was also 
estimated by allowing crayfish to rest for 10 min before repeating the 5 min trial.  
2.4. Righting response 
After 28 days of exposure to experimental treatments, an animal’s activity capacity was determined 
via the righting response (RR), defined as the time required for an individual to right itself after 
being overturned onto its dorsal surface. Righting responses were measured over 5 min where 
crayfish were turned onto their carapace once every 30 s. The time taken for the animal to right 
itself was recorded and summed. Waiting was extended for another 30 s period if animals failed to 
turn before being exposed to the next turn. This led to the summation of righting periods. If crayfish 
stop righting before the end of the 5 min interval, the residual time was also added. Therefore, 
animals that stopped righting had a higher RR value (i.e. slower responses) than animals that 
continue righting over the entire experimentation period. This approach is a useful measure of 
activity capacity for animals that show symptoms of fatigue (i.e. progressive slowing in RR) 
providing poorer capacity for activity.  
2.5. Statistical Analysis 
The effects of pH, nitrate and experimental day on oxygen uptake and survival were analysed using 
a three-way analysis of variance (ANOVA) followed by a Tukey’s post hoc test for multiple 
comparisons. Measurements of oxygen uptake (ṀO2STANDARD, ṀO2MAX, and aerobic scope) were 
log transformed to fit the assumptions of normality and homoscedasticity. The effects of pH and 
nitrate on growth, chelae force, and activity capacity were analysed using two-way ANOVAs. 
Proportion data (survival % and recovery of claw force %) were arcsine of square-root transformed. 
Body mass was included as covariate in all analyses, except for survival analysis. Minimal adequate 
models were determined using stepwise-simplification. All analyses were performed using R-Studio 
(version 0.99.903) and statistical significance was accepted at P < 0.05.  
3. Results  
3.1. Growth and Survival  
Specific growth rates (SGR) of C. destructor (Fig. 1A) were unaffected by experimental pH (F1, 18 = 
2.02, P = 0.17), nitrate (F2, 18 = 0.57, P = 0.57) and there was no interaction between nitrate and pH 
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(F2, 18 = 2.17, P = 0.14). Survival after 65 days (Fig. 1BC) was lower in crayfish exposed to pH 5.0 
(27 %) compared to animals exposed to pH 7.0 (55 %; F1, 20 = 5.54, P = 0.02), and crayfish survival 
was unaffected by nitrate concentration (F2, 20 = 0.20, P = 0.82), or the interaction between nitrate 
and pH (F2, 18 = 1.18, P = 0.33).  
3.2. Oxygen Uptake 
Acute exposure to nitrate (both 50 and 100 mg L-1NO3
−) caused an approximate doubling in 
standard oxygen uptake (ṀO2STANDARD) compared to animals not exposed to nitrate, and the effect 
lasted some 3 days (Fig. 2A; Table 2). Similarly, acute exposure to pH 5.0 significantly increased 
ṀO2STANDARD by a similar margin to 39.8 ± 3.8 ml O2 h-1 g-1 (Fig. 2B).  ṀO2STANDARD returned to 
control levels in crayfish exposed to pH 5.0 after ~14 days of exposure (Tukey’s HSD, P < 0.05). 
Combined exposure to nitrate and pH 5.0 did not further enhance the magnitude of the effect on 
ṀO2STANDARD, but simultaneous exposure to 100 mg L-1NO3
− and pH 5.0 increased the duration that 
ṀO2STANDARD was elevated (F10, 179 = 14.0, P < 0.001; Table 2). As a result, ṀO2STANDARD in 
crayfish exposed to 100 mg L-1NO3
− and pH 5.0 was elevated for > 14 days (Tukey’s HSD, P < 
0.05) and returned to control levels after ~21 days.  
Maximum oxygen uptake (ṀO2MAX) was influenced by pH, nitrate and experimental day (Table 2), 
however, only the interaction between nitrate and experimental day was significant (F10, 196 = 7.3, P 
< 0.001). Maximal oxygen uptake was unaffected on days 1 – 3 but decreased after 5 days of 
exposure to nitrate (Fig. 2CD; Tukey’s HSD, P < 0.05), regardless of treatment pH. At 21 days, 
there was an approximately 59 % reduction in ṀO2MAX in crayfish exposed to nitrate.  
Absolute (AAS) and factorial (FAS) aerobic scope were affected by pH, nitrate and experimental 
day (Table. 1). Exposure to pH 5.0 alone resulted in an acute reduction in AAS and FAS, but scope 
returned to control levels within ~14 days of exposure (Fig. 3BD; Tukey’s HSD, P < 0.05). 
Exposure to nitrate (regardless of pH treatment) caused a depressive effect on aerobic scope (Fig. 3; 
Table 2), with significant reductions appearing after five days of exposure (Tukey’s HSD, P < 
0.05). At the final time point tested, AAS was less than 40 ml O2 h-1 g-1 in all treatments exposed to 
nitrate and this value represents an approximate halving in aerobic scope over 21 days. Aerobic 
scope was not different between nitrate concentration (i.e. between 50 and 100 mg L-1NO3
−; Tukey’s 
HSD, P < 0.05), and pH treatment did not enhance the effects of nitrate on aerobic scope (Table 2).  
3.3. Chelae force measurements 
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On average, maximum chelae force was 2.62 ± 0.14 N in crayfish exposed to pH 7, which was 
significantly higher than crayfish at pH 5.0 (2.14 ± 0.20 N; F1, 40 = 10.74, P = 0.002). Maximum 
chelae force (Fig. 4A) was unaffected by nitrate concentration (F2, 40 = 0.83, P = 0.44) or the 
interaction between pH and nitrate (F2, 40 = 1.62, P = 0.36), but was positively correlated with body 
mass (F1, 40 = 6.82, P < 0.005). For rate of fatigue (Fig. 4B), crayfish exposed to 50 and 100 mg L-1 
NO3
− fatigued at 1.5 and 2.5 times faster rate, respectively, than crayfish not exposed to nitrate (0 
mg L-1 NO3
−; F2, 41 = 10.12, P < 0.001). Rate of muscle fatigue was not affected by treatment pH (F1, 
41 = 0.05, P = 0.82), body mass (F2, 41 = 0.20, P = 0.66), or the interaction between nitrate and pH 
(F2, 41 = 0.11, P = 0.89). Percent recovery of maximum chelae strength (Fig. 4C) was significantly 
lower in crayfish exposed to nitrate (Fig. 3C; F2, 41 = 29.10, P < 0.001) following a 10-min rest 
period. Regardless of treatment pH, recovery of maximum force was lowest in crayfish exposed to 
100 mg L-1 NO3
− (51.10 ± 4.12 %) compared to crayfish not exposed to nitrate (0 mg L-1 NO3
−; 76.97 
± 1.78 %).  
3.4. Righting response 
The righting response (RR) of crayfish was measured as a summation of responses over time in 
terms of seconds, and so small values represent fast while larger values represent slow responses 
(Fig. 5). Nitrate concentration caused a significant step-wise increase in RR (F2, 41 = 161.44, P < 
0.001), with RR being in largest (i.e. slowest responses) in crayfish exposed to 100 mg L-1 NO3
− 
(103 ± 1.01 s) and smallest (i.e. fastest responses) in crayfish not exposed to nitrate (64.47 ± 1.25 s). 
RR was not affected by treatment pH (F1, 41 = 0.32, P = 0.57) body mass (F1, 41 = 0.29, P = 0.59), or 
the interaction between nitrate and pH (F2, 41 = 1.32, P = 0.27). 
4. Discussion 
4.1. Aerobic Scope 
Exposure to nitrate and low pH affected aerobic scope, however, the interaction between nitrate and 
pH only affected standard oxygen uptake (ṀO2STANDARD).  Nitrate influenced both standard and 
maximum oxygen uptake (ṀO2MAX), while low pH affected standard metabolism.  In isolation, 
exposure to pH 5.0 alone caused an acute increase in ṀO2STANDARD and consequently reduced 
aerobic scope. An increase in oxygen uptake upon low pH exposure is consistent with ion-
regulatory disturbances, as reported in similar studies (Wood and Rogano, 1986; Zanotto and 
Wheatly, 1993), which requires the up-regulation of energy dependent mechanisms (Ellis and 
Morris, 1995). Similar effects of pH have been documented in other crustaceans with an 
approximate doubling in ṀO2STANDARD reported in Gammarus fossarum in response to acute pH 4.5 
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exposure (Simčič and Brancelj, 2006). Exposure to low pH may also disturb a range of 
physiological functions, including fluid-volume distribution, haematology, acid-base homeostasis 
and induce the generalised stress response all of which may contribute to an acute increase in 
oxygen uptake rates (Milligan and Wood, 1982; Ultsch et al., 1981). Nitrate exposure also caused 
an acute increase in ṀO2STANDARD, which lasted 3 – 5 days, before declining down to control levels. 
Measurements of ṀO2STANDARD were similar to size-matched C. destructor (Ellis and Morris, 1995), 
and suggests that nitrate does not pose long-term disruptions to standard metabolism. Meade and 
Watts (1995) reported similar results, finding no differences in oxygen consumption rates of 
juvenile (~ 1 g) redclaw crayfish (C. quadricarinatus) exposed to various concentrations of nitrate 
(0 – 1000 mg L-1 NO3
−). Conversely, in juvenile pink shrimp (Farfantepenaeus brasiliensis), de 
Campos et al. (2014) found that 30-days of exposure to nitrate (180 mg L-1 NO3
−) increased 
ṀO2STANDARD relative to the controls. Discrepancies between reports may be due to species specific 
differences in nitrate tolerance (Camargo and Alonso, 2006), body size and developmental 
differences (Ortiz-Santaliestra et al., 2006) or due to environmental contexts (i.e. fresh versus salt 
water; Edwards et al., 2006) and warrants further investigation.   
Our study revealed a significant effect of nitrate on crayfish aerobic scope, which is consistent with 
earlier studies showing greater metabolic costs in response to nitrogenous compounds (Lefevre et 
al., 2011). Reductions in aerobic scope were primarily caused by decreases in maximal metabolism, 
with the effect increasing as a function of time. After five days of exposure, absolute aerobic scope 
was halved from ~80 to ~41 mg O2 L-1 g-1 in crayfish exposed to nitrate (regardless of nitrate 
concentration) and reduced further by day 21 (to 21 mg O2 L-1 g-1). The aerobic scope data measured 
on control crayfish (i.e. not exposed to nitrate; factorial scope range 4.74 – 6.28) compares well 
with other published results and are within the range quoted for crustaceans (factorial scope ≈ 3 – 5) 
(Adamczewska and Morris, 1994; Rosewarne et al., 2014). To our knowledge, this is the first study 
to show that nitrate causes reductions in aerobic scope. However, the effect of nitrate on ṀO2MAX is 
similar to that of nitrite, which has been shown in a bimodal respiring fish (Pangasianodon 
hypophthalmus) (Lefevre et al., 2011). Still, our results are contrasting in that the effect on aerobic 
scope was independent of nitrate concentration (i.e. exposure 50 and 100 mg L-1 NO3
− reduced 
aerobic scope by the same magnitude), compared to Lefevre et al. (2011) who noted that high 
concentrations of nitrite were required to affect metabolism. The mechanism underlying reduced 
ṀO2MAX is likely due to a reduction in oxygen transport capacity, though direct measurements are 
required to confirm this point. However, exposure to nitrate in another crustacean caused a 
reduction in the amounts of circulating oxyhaemocyanin and oxyhaemolymph protein (Cheng and 
Chen, 2002) which limits oxygen delivery to the tissues. Moreover, in teleosts, methaemoglobin 
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levels have increased following exposure to nitrate (Grabda et al., 1974; Monsees et al., 2017). The 
effects of nitrate may be the result of in vivo reduction of nitrate to nitrite, resulting in subsequent 
effects on oxygen transport capacity (Camargo et al., 2005).  
Combined exposure to nitrate and low pH resulted in prolonged elevations in ṀO2STANDARD, 
suggesting that nitrate exposure enhances the effect of pH on metabolism. In isolation, complete 
compensation of ṀO2STANDARD was attained in ~14 days post-exposure to pH 5.0, while in crayfish 
exposed to nitrate (100 mg L-1 NO3
−) and pH 5.0 simultaneously, showed signed of metabolic 
compensation after ~21 days. A delayed rate of metabolic compensation is likely the result of 
oxygen becoming limiting (Cheng and Chen, 2002), which may slow the up-regulation of energy-
dependent mechanisms responsible for compensation to low pH environments. A delayed rate of 
metabolic compensation may also arise from increased costs of excretion (of nitrate), cellular 
protection and repair, or due to alterations in ATP-producing pathways caused by nitrate (Padmini 
et al., 2009; Sokolova, 2013). Delayed rates of metabolic compensation have been documented in 
other aquatic organisms exposed to pollutants (e.g. aluminium; Wilson et al., 1994) but this is the 
first study to show that nitrate-pH interactions interfere with standard metabolism. Although the 
effects of nitrate and pH on metabolism are gradual (Cheng and Chen, 2002; Cheng et al., 2002; 
Stormer et al., 1996), we show that nitrate reduced aerobic scope by up to 59% (relative to the first 
time-point) and extreme reductions in aerobic capacity are likely to pose negative consequences. 
While the long-term ecological implications are largely unknown, elevated maintenance costs can 
result in energy re-distribution away from fitness related traits, such as growth and digestion, and 
may result in long-term competitive disadvantages if organismal fitness is reduced (Burton et al., 
2011; Huey et al., 1999). 
4.2. Chelae Strength and Activity  
Aquatic pollutants such as nitrogenous waste, metals, salts and pesticides cause disruptions to 
energy distribution, and adversely affect activity and organismal performance (Sokolova and 
Lannig, 2008). In the present study, reductions in aerobic scope coincided with worsened 
performance in C. destructor, as measured by chelae strength and the activity of righting responses, 
and lend support for the energy-limited stress tolerance concept (Sokolova et al., 2012). Treatment 
pH did not influence chelae strength or activity capacity and this may be because measurements 
were made after the crayfish had shown metabolic compensation to pH 5.0. In the only other known 
study that has tested the interaction between nitrate and pH, Hatch and Blaustein (2000) found that 
nitrate and pH did not influence activity in the R. cascadae tadpoles, instead, a low concentration of 
nitrate (20 mg L-1 NO3
−) alone was responsible for decreases in activity levels. Likewise in the 
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present study, nitrate decreased organismal performance. Maximum chelae strength was not 
influenced by nitrate treatment. However, the rate of chelae fatigue and recovery of chelae strength, 
which are better indicators of aerobic metabolism (Lowe et al., 2010), were affected by nitrate. 
Nitrate also caused a step-wise decrease in righting response, with slower responses occurring in 
animals exposed to higher nitrate concentrations. Our results support previous research which has 
found that nitrogenous compounds reduce swimming capabilities (Lefevre et al., 2011) and activity 
levels (Egea-Serrano and Tejedo, 2014; Hatch and Blaustein, 2000) of aquatic organisms. 
Reductions in chelae recovery rates and poorer righting response are likely to impose fitness 
consequences by reducing social dominance, reducing resource holding potential and increasing 
susceptibility to predation (Seebacher and Wilson, 2006; Sneddon et al., 2000; and references 
within), which highlights the need for physiological performance data in toxicological studies. 
4.3. Growth and survival 
In crustaceans and other gilled aquatic organisms, growth and survival is affected by extrinsic 
factors such as temperature, pH, salinity, and pollutants (Chittleborough, 1975) as well as intrinsic 
factors such as hormone levels and nutritional state (Kleinholz, 1985). Decreases in growth 
performance have been observed in nitrite–exposed (Romano and Zeng, 2013) and nitrate-exposed 
individuals (Kuhn et al., 2010), as well as crustaceans exposed to low pH (Chen and Chen, 2003). 
High levels of mortality were recorded in all treatment groups and was attributed to Cherax 
destructor being highly territorial and engage in conflict (Seebacher and Wilson, 2006; Sneddon et 
al., 2000). High levels of mortality within the first 10-days of the experiment reflect the point where 
density was greatest. Despite this, combined exposure to nitrate and pH treatments did not influence 
growth rates despite reductions in aerobic scope. This suggests that residual energy above 
maintenance was directed to growth and may mean that growth capacity is an ecologically 
important trait in juvenile C. destructor. 
The lack of an interaction between nitrate and pH on growth performance suggest that C. destructor 
may be tolerant of poor water quality (Geddes et al., 1988) under mild-levels of pH and nitrate 
stress. For nitrate, this result is consistent with data obtained on other freshwater crustaceans. For 
example, growth was unaffected in Gammarus pseudolimnaeus exposed to nitrate (128 mg L-1 
 NO3
−) (Stelzer and Joachim, 2010), while concentrations greater than 200 mg L-1 NO3
−were 
necessary to reduce growth in Litopenaeus vannamei (Kuhn et al., 2010). Similarly, sub-lethal 
increases in aquatic nitrate (100 – 400 mg L-1 NO3
−) resulted in improved growth performance in 
Macrobrachium rosenbergii (Mallasen et al., 2004). Tolerance of nitrate is likely dose-dependent 
and may rely on gill properties and nitrate uptake rates (Schram et al., 2010; Schram et al., 2014), 
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efficacy of protective mechanisms (i.e. regulation of protective enzymes), or may be related to 
environmental context (i.e. previous exposure/ source population; Johansson et al., 2001), but this 
point requires further investigation. For pH, reduced growth at low pHs has been reported in 
multiple Cherax spp. with extreme pH exposure among the main environmental factors affecting 
growth (Jussila and Evans, 1996). In the present study, chronic exposure to pH 5.0 did not influence 
growth rates and could be attributed to compensatory growth after homeostasis was achieved.  
Though growth was not affected, exposure to pH 5.0 resulted in lowered survival. Lower survival at 
pH 5.0 is likely due to ion-regulatory disturbances and respiratory failure, as has been reported in 
several crustaceans (Wood and Rogano, 1986; Zanotto and Wheatly, 1993). Exposure to low pH 
can also result in the progressive loss of Ca2+ from the gill epithelium and haemolymph and the 
inhibition of Ca2+ uptake post-moult. Together exposure to low environmental pH reduces the 
buffering capacity against internal acidosis and may explain the observed mortality (Malley, 1980). 
Exposure to low pH can also result in the permanent demineralisation or reduced calcification (i.e. 
of CaCO3) of the exoskeleton post-moult (Malley, 1980), which could have contributed to poorer 
survival due intraspecific conflict in our experimental set-up. 
The lack of effects of nitrate on crayfish survival was not entirely unexpected. Crustaceans, as well 
as other invertebrates (insects and molluscs), tend to be relatively insensitive to nitrate (Romano 
and Zeng, 2013; Soucek and Dickinson, 2012), with previous research showing that the lethal 
concentration (LC50) of nitrate can be up to 100-fold greater than the concentrations used in the 
current study. In C. quadricarinatus, the 96 h – LC50 was > 1000 mg L-1 NO3
−(Meade and Watts, 
1995) while in other freshwater crustaceans, the 96 h – LC50 was 2950 mg L-1 NO3
− in 
Austopotamobius italicus (Benítez-Mora et al., 2014), 667 mg/l in Hyalella azteca (Soucek and 
Dickinson, 2012) and 462 mg/l in Daphnia magna (Scott and Crunkilton, 2000). Although nitrate 
had no direct effects on survival, nitrate was associated with reductions in chelae force and whole 
animal activity which could translate to reduced survival in a broad ecological context.   
5. Conclusions 
Environmentally relevant levels of nitrate (50 and 100 mg L-1) and low pH (pH 5.0) had clear 
negative impacts on the energy homeostasis of Cherax destructor. The independent effects of 
moderate nitrate levels and low pH were, for the majority of physiological traits measured here, 
greater than their interactive effects. However low pH did influence the way that nitrate affected 
metabolic parameters (standard and maximal oxygen uptake) which together compromised aerobic 
scope. Reductions in aerobic scope are likely to pose fitness consequences by reducing resource 
holding potential, and activity levels, and increasing susceptibility to predation. While short-term 
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exposure (< five days) to nitrate (50 – 100 mg-1) and low pH (5.0) may be benign to C. destructor, 
chronic exposures are likely to pose energetic constraints and translate to negative fitness 
consequences on crayfish living in anthropogenically disturbed environments. 
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Figure legends: 
 
Figure 1. Interactive effects of nitrate and pH on the growth (SGR; % d-1) (A) and survival (BC) of 
blueclaw crayfish (Cherax destructor) exposed to a 2 × 3 factorial combination of two pH levels (7, 
or 5) and three nitrate levels (0, 50 or 100 mg L-1) for 65-days. Growth was unaffected by the 
interaction between nitrate and pH. Survival was lower at pH 5.0 (F1, 20 = 5.54, P = 0.02) but was 
not affected by nitrate (F2, 20 = 0.20, P = 0.82) or the interaction between nitrate and pH (F2, 18 = 
1.18, P = 0.33). Growth data are presented as means ± s.e. 
Figure 2. Standard (AB) and maximal (CD) oxygen uptake rates (ml O2 h-1 g-1) of blueclaw crayfish 
(Cherax destructor) exposed to a factorial combination of two pH (7.0 or 5.0) and three nitrate 
treatments (0, 50 or 100 mg L-1). Oxygen uptake was measured at six time points (1, 3, 5, 7, 14, and 
21 days) after exposure to experimental treatments (n = 6 per treatment per time point). Exposure to 
nitrate and pH 5.0 caused a significant increase in standard oxygen uptake at time point one. 
Simultaneous exposure to nitrate and pH 5.0 increased the duration that standard oxygen uptake 
rates were elevated. Nitrate significantly decreased maximal oxygen uptake over time. Data are 
presented as means ± s.e.  
Figure 3. Absolute (AB; ml O2 h-1 g-1) and factorial (CD; fold change) aerobic scope (AS) of 
blueclaw crayfish (Cherax destructor) exposed to a factorial combination of two pH (7.0: AC or 
5.0: BD) and three nitrate treatments (0, 50 or 100 mg L-1). Aerobic scope was measured at six time 
points (1, 3, 5, 7, 14, and 21 days) after exposure to experimental treatments (n = 6 per treatment 
per time point). Exposure to nitrate and pH 5.0 significantly reduced aerobic scopes at time point 
one, while exposure to nitrate alone caused a progressive decrease in aerobic scope over time. Data 
are presented as means ± s.e.  
Figure 4. Interactive effects of pH and nitrate on (A) maximum chelae force (N) (n = 14), (B) Rate 
of force fatigue (N s-1) (n = 8) measured as the decline in chelae force over a 5-min interval and (C) 
Recovery of maximum chelae force (%) (n = 8) after a 10-min rest period. Force measurements 
were made after 28-days of exposure to a factorial combination of two pH (7.0 or 5.0) and three 
nitrate concentrations (0, 50 or 100 mg L-1) in the blueclaw crayfish, Cherax destructor. Maximum 
chelae force was reduced by pH 5.0 (F1, 40 = 10.74, P < 0.001) but not nitrate (F2, 40 = 0.83, P = 
0.44). Exposure to nitrate increased rate of force fatigue and decreased recovery of maximum force 
(fatigue: F2, 41 = 10.12, P < 0.001; recovery: F2, 41 = 29.10, P < 0.001) but were not affected pH 
exposures (fatigue: F1, 41 = 0.05, P =0.82; recovery: F1, 41 = 0.01, P = 0.29). 
Figure 5. Interactive effects of pH and nitrate on righting responses (n = 8 per treatment) of 
blueclaw crayfish (Cherax destructor) exposed to a factorial combination two pH levels (7.0, or 
5.0) and three nitrate levels (0, 50 or 100 mg L-1) measured after 28-days of exposure to 
experimental treatments. Nitrate caused a significant increase in righting response (F2, 41 = 161.44, 
P < 0.001), but righting was independent of pH treatment (F1, 41 = 0.32, P = 0.57) and the 
interaction between nitrate and pH was not significant (F2, 41 = 1.32, P = 0.27) 
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Tables: 
 
Table 1. Water quality parameters (ammonia, nitrite, nitrate and pH) over the 65-day experimental 
period. There was no effect of treatment pH or nitrate on ammonia (F1, 388 = 0.13, P = 0.71) or nitrite 
(F1, 388 = 0.0004, P = 0.98) levels. Data presented as mean ± s.d.  
 
  
Treatment 
(pH/nitrate) 
Ammonia 
(mg L-1) 
Nitrite 
(mg L-1) 
Nitrate 
(mg L-1) 
pH 
7/0 0.18 ± 0.32 0.22 ± 0.45  2.34 ± 1.81 7.12 ± 0.05 
7/50 0.15 ± 0.32 0.15 ± 0.32 54.06 ± 4.03 7.11 ± 0.05 
7/100  0.40 ± 0.34 0.41 ± 0.40 101.52 ± 3.72 7.12 ± 0.04 
5/0 0.17 ± 0.33 0.19 ± 0.40 2.28 ± 1.82 4.96 ± 0.06 
5/50 0.27 ± 0.22 0.28 ± 0.29 50.96 ± 4.25 4.96 ± 0.05 
5/100 0.18 ± 0.32 0.20 ± 0.40 101.08 ± 3.68 4.95 ± 0.07 
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Table 2. Interactive effects of nitrate, pH and experimental day on standard and maximum oxygen 
uptake and absolute and factorial aerobic scopes. Full models from three-way analysis of variance 
(ANOVA) are shown. Abbreviations = standard metabolic rate (ṀO2STANDARD); maximum metabolic 
rate (ṀO2MAX); absolute aerobic scope (AAS); factorial aerobic scope (FAS). Statistically significant 
values are highlighted in bold.  
 
 
 
Source of variation Sum of squares df Mean squares F P 
ṀO2STANDARD Time 16.8 5 3.4 45.6 <0.001 
 
pH 0.9 1 0.9 12.5 <0.001 
 
Nitrate 0.7 2 0.3 4.5 0.01 
 
Mass 29.8 1 29.8 403.3 <0.001 
 
Time × pH 1.6 5 0.3 4.5 <0.001 
 
Time × Nitrate 8.5 10 0.84 11.5 <0.001 
 
pH × Nitrate 0.6 2 0.3 4.1 0.01 
 
Time × pH × Nitrate 10.4 10 1 14 <0.001 
 
Residuals 13.2 179 0.1 
  
       ṀO2MAX Time 8.9 5 1.8 24.0 <0.001 
 
pH 2.2 1 2.2 29.4 <0.001 
 
Nitrate 11.4 2 5.7 79.6 <0.001 
 
Mass 29.3 1 29.3 394.7 <0.001 
 
Time × pH 0.31 5 0.1 0.8 0.51 
 
Time × Nitrate 5.2 10 0.5 6.9 <0.001 
pH × Nitrate 0.1 10 0.1 0.5 0.61 
Time × pH × Nitrate 0.3 10 0.1 0.5 0.89 
Residuals 13.3 179 0.1   
       AAS Time 34.0 5 6.8 22.6 <0.001 
 
pH 8.1 1 8.1 26.9 <0.001 
 
Nitrate 25.9 2 12.9 43.1 <0.001 
 
Mass 14.5 1 14.5 48.2 <0.001 
Time × pH 1.6 5 0.3 1.1 0.38 
Time × Nitrate 15.6 10 1.6 5.3 <0.001 
pH × Nitrate 0.9 2 0.5 1.6 0.19 
 
Time × pH × Nitrate 1.3 10 0.1 0.4 0.91 
 
Error 53.8 179 0.3 
         
FAS Time 1.9 5 0.4 3.4 < 0.01 
 pH 2.9 1 2.9 26.1 <0.001 
 Nitrate 11.3 2 5.6 50.2 <0.001 
 
Mass 0.7 1 0.65 5.8 0.01 
Time × pH 1.1 5 0.2 1.9 0.08 
Time × Nitrate 4.3 10 0.4 3.8 <0.001 
pH × Nitrate 0.4 2 0.2 2.0 0.13 
 Time × pH × Nitrate 1.8 10 0.1 2.0 0.09 
 Error 20.1 179 0.1   
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